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Abstract—Documentation of clinical outcomes is increasingly 
expected in delivery of prosthetic services and devices. How-
ever, many outcome measures suitable for use in clinical care 
and research have not been psychometrically tested with pros-
thesis users. The aim of this study was to determine test-retest 
reliability, mode of administration (MoA) equivalence, stan-
dard error of measurement (SEM), and minimum detectable 
change (MDC) of standardized, self-report instruments that 
assess constructs of importance to people with limb loss. Pros-
thesis users (N = 201) were randomly assigned to groups based 
on MoA (i.e., paper, electronic, or mixed mode). Participants 
completed two surveys 2 to 3 d apart. Instruments included the 
Prosthetic Limb Users Survey of Mobility, Prosthesis Evalua-
tion Questionnaire–Mobility Subscale, Activities-Specific Bal-
ance Confidence Scale, Quality of Life in Neurological
Conditions–Applied Cognition/General Concerns, Patient-
Reported Outcomes Measurement Information System, and 
Socket Comfort Score. Intraclass correlation coefficients indi-
cated all instruments are appropriate for group-level compari-
sons and select instruments are suitable for individual-level 
applications. Several instruments showed evidence of possible 
floor and ceiling effects. All were equivalent across MoAs. 
SEM and MDC were quantified to facilitate interpretation of 
outcomes and change scores. These results can enhance clini-
cians’ and researchers’ ability to select, apply, and interpret 
scores from instruments administered to prosthesis users.

Key words: amputation, artificial limbs, health surveys, out-
come assessment (health care), outcome measures, outcomes 
research, prosthesis, questionnaires, rehabilitation, reproduc-
ibility of results.

INTRODUCTION

Prosthetists and other health care professionals are 
increasingly encouraged or required to document the 
effects of the care they provide using valid and reliable out-
come measures [1–3]. Self-report instruments (i.e., surveys 
answered directly by a patient) are well suited to clinical 
applications because they are often brief and easy to com-
plete. Further, information derived from self-report is often 
distinct and essential to understanding the effect of health 
interventions on the lives of those who receive them. 
In spite of these benefits, use of standardized outcome 
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measures in clinical practice remains limited [3–6]. Recom-
mendations for instruments suited to clinical care and 
research involving people with lower-limb loss, similar to 
those that exist for other rehabilitation populations [7–8], 
may address barriers to outcome measure use and facilitate 
improved understanding of prosthetic outcomes. However, 
to develop formal recommendations, evidence of each 
instrument’s performance in the population of interest (e.g., 
persons with lower-limb loss) is needed. Specifically, evi-
dence of key psychometric properties (e.g., reliability,
mode of administration [MoA] equivalence, measurement 
error, and detectable change) is required to adequately for-
mulate recommendations for how each instrument may be 
applied.

Evidence of reliability (i.e., reproducibility) within 
the population of interest is critical for determining an 
instrument’s utility or the applications for which it can be 
recommended [9]. It is generally accepted that an instru-
ment must demonstrate test-retest reliability of 0.7 or 
greater to be recommended for group-level comparisons 
[10–15]. Group-level comparisons are important in clini-
cal trials, observational research studies, and clinical 
quality-improvement programs. For applications that 
involve decisions about individual patients or research 
participants, an instrument must possess much higher 
(i.e., >0.9) reliability [12,15–17]. Evidence of test-retest 
reliability therefore becomes a key factor in distinguish-
ing among those instruments that can be recommended 
for individual-level decisions and those that can be rec-
ommended for group-level comparisons.

Evidence of MoA equivalence, or performance across 
different forms of the same instrument, is needed to 
demonstrate that scores obtained from different MoAs are 
directly comparable [18–19]. Electronic administration via 
computer or tablet offers numerous benefits compared to 
paper surveys, including reduced respondent burden, auto-
mated and accurate scoring, and direct import into a medi-
cal or research record. Equivalence of paper and electronic 
MoAs would allow administrators to reap these benefits 
and have the flexibility to choose the format most appro-
priate for the respondent (e.g., paper surveys can be given 
to patients who may not be comfortable with technology). 
MoA equivalence requires that variations in scores in sin-
gle-mode (e.g., paper-paper or electronic-electronic) and 
mixed-mode (e.g., paper-electronic) administrations be 
equivalent [19]. Evidence of MoA equivalence is needed 
to guide recommendations that may benefit from use of 
multiple administration methods. For example, clinics may 

want to give patients the option of paper surveys or com-
puterized surveys administered on tablet computers.

Lastly, estimates of measurement error and detectable 
change are required to evaluate and interpret differences 
or changes in scores observed when using self-report 
instruments [15]. Estimates of measurement error, such as 
standard error of measurement (SEM), are used to quan-
tify uncertainties in scores or differences in scores 
obtained between individuals or between groups of indi-
viduals. Estimates of detectable change, such as minimum 
detectable change (MDC), describe a statistical threshold 
(e.g., 90% or 95% confidence interval [CI]) for score dif-
ferences to be considered “true” change in the context of 
repeated assessments (i.e., a change in outcome above and 
beyond that expected from measurement error) [20–21]. 
Estimates of change are critical in longitudinal applica-
tions, as observed changes that do not exceed an MDC 
may not indicate a true change in outcome and should be 
interpreted with caution. Estimates of measurement error 
and detectable change are essential to formulating recom-
mendations based on an instrument’s potential to assess 
changes or differences in outcomes.

The importance of the aforementioned psychometric 
properties cannot be overstated. If self-report outcome 
measures are to be used with confidence in clinical prac-
tice or research, evidence of their performance is needed 
to justify their selection, use, and interpretation. Few self-
report instruments have been evaluated for evidence of 
test-retest reliability or measurement error in large sam-
ples of prosthetic limb users [1,22]. To date, none have 
been evaluated for MoA equivalence. Thus, there is a 
scarcity of evidence required to formulate use recom-
mendations for patients or research participants with 
lower-limb loss. The aim of this research was to acquire 
the evidence needed to formulate initial recommenda-
tions for use of self-report outcome measures in pros-
thetic clinical care and research. Specifically, we 
(1) assessed test-retest reliability, (2) evaluated equiva-
lence between paper and electronic MoAs, and (3) 
derived estimates of SEM and MDC for several self-
report measures that are well suited to quick and efficient 
assessment of prosthetic outcomes. Results were also 
used to develop recommendations about measures most 
appropriate for clinical and/or research applications (e.g., 
measuring changes in patients over time in clinic settings 
or measuring differences between groups in research 
studies).
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METHODS

Participants
Participants with lower-limb loss were recruited

through the University of Washington Department of 
Rehabilitation Participant Pool, a national registry of indi-
viduals interested in participating in rehabilitation research. 
Individuals in the participant pool with limb amputation were 
invited to participate in the study via their preferred method 
of communication (i.e., mail or email). Study investiga-
tors screened interested individuals by phone, enrolled 
them in one of three study arms, and scheduled appoint-
ments for two survey sessions. Participants were assigned 
to a study arm (i.e., Arm 1a, 1b, 2, or 3) using simple ran-
domization [23]. Eligibility criteria included (1) 18 yr of 
age or older; (2) lower-limb amputation between the hip 
and ankle; (3) amputation as the result of trauma, dysvascu-
lar complications (e.g., diabetes), infection, or tumor; (4) no 
other amputations (e.g., other leg or arms); (5) use of a 
lower-limb prosthesis to transfer or walk; (6) access to an 
electronic device with an Internet connection; and (7) ability 
to read, write, and understand English.

Study Design
We employed a three-arm randomized design (Fig-

ure 1) to compare scores from standardized outcome 
measures administered at different times and by different 
MoAs to participants with lower-limb loss. Each partici-
pant was scheduled a “test” and “retest” (i.e., follow-up) 
survey approximately 2 to 3 d apart. A minimum period 
between surveys of 2 d was targeted to mitigate the 
potential for recall bias [12]. Similarly, the maximum 
duration between surveys was targeted to minimize natu-
ral changes in the selected outcomes (e.g., mobility, 
physical function, balance). At retest, participants were 
asked to indicate whether they had experienced any 
changes in health status since the test survey. Those who 
indicated their health had changed were excluded from 
the final data set. Participants in Arm 1 received one 
paper survey and one electronic survey. The order of the 
surveys (i.e., paper-electronic [1a] or electronic-paper 
[1b]) was assigned randomly, as recommended by Coons 
et al. [24]. Participants in Arm 2 were administered two 
paper 

Figure 1.
Study design overview. Participants were assigned to arms based on survey mode of administration and completed surveys twice 

within 2–3 d. Sample sizes reflect the number of participants targeted, based on an a priori sample size estimation.

surveys, and participants in Arm 3 were adminis-
tered two electronic surveys.
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Sample Size
Minimum sample size was calculated using the meth-

odology outlined by Walter et al. [25], using α = 0.05, β = 
0.20, ρ0 = 0.50, ρ1 = 0.70, and n = 2 assessments. The 
lower bound of ρ0 = 0.50 was selected because the suit-
ability of measures with this level of reliability is ques-
tionable, even for group-level comparisons. The sample 
size target was increased from 63 to 70 per arm (from N = 
189 to N = 210 across all arms) to account for possible 
attrition of study participants or changes in health status 
between the test and retest surveys.

Surveys
Paper surveys were printed on standard letter paper, 

sealed in individual envelopes, and mailed to participants 
with instructions and a self-addressed return envelope. 
Instructions indicated that participants were to open the 
envelope only at the time of their scheduled appointment. 
Electronic surveys were created and administered using the 
Assessment Center (Northwestern University, Chicago, Illi-
nois) [26]. Electronic questions were identical to paper 
questions, but formatting differed slightly to facilitate item-
level computerized administration (e.g., response options 
were presented vertically on computer and horizontally on 
paper). Electronic surveys were uniquely coded to each 
participant and sent via an email link with instructions sim-
ilar to the paper surveys (i.e., that the survey was not to be 
started until the time of the scheduled appointment). Paper 
survey responses were double-entered by research staff to 
minimize data-entry errors [27]. Electronic responses were 
exported directly from the Assessment Center for analysis. 
Responses from all participants were screened for missing 
and/or potentially invalid responses. Participants were con-
tacted to clarify responses as needed.

Measures
Test and retest surveys included questions on demo-

graphics and participant characteristics in addition to the 
standardized self-report measures described subse-
quently. An ad hoc question was also included in the retest 
survey to solicit any changes in respondents’ health 
between survey time points. In addition, participants were 
asked to record the time that they began and ended the 
paper surveys to calculate the time required to complete 
each survey. Time to complete electronic surveys was 
recorded by the Assessment Center administration system.

Demographics and Participant Characteristics
Demographic information (e.g., sex, race/ethnicity, 

employment status) and participant characteristics (e.g., 

height, weight) were collected to describe the study sam-
ple. In addition, participants answered questions related 
to their amputation (e.g., date, cause, and level of ampu-
tation) and health (e.g., presence of comorbidities) to 
characterize their general health.

Outcome Measures
Six self-reported outcome measures suited to pros-

thetic applications were assessed in this study. The Pros-
thetic Limb Users Survey of Mobility (PLUS-M) is an 
item bank developed to measure perceived mobility in 
people with lower-limb amputation [28–30]. The PLUS-
M 12- and 7-item short forms were both administered in 
this study. Additionally, the PLUS-M computerized
adaptive test was administered to participants in Arm 3 
(i.e., electronic-electronic). The Prosthesis Evaluation
Questionnaire–Mobility Subscale (PEQ-MS) is a 12-item 
self-report measure assessing the ability to perform 
mobility tasks while using a lower-limb prosthesis [31]. 
The Activities-Specific Balance Confidence Scale (ABC) 
is a 16-item instrument that measures respondents’ confi-
dence in performing basic ambulatory activities [32]. 
Recent Rasch analyses of the PEQ-MS and ABC resulted 
in similar recommendations to reduce the instruments’ 
original visual analog scale (PEQ-MS) and 0–100 (ABC) 
response options to 5-point ordinal scales [33–34]. These 
recommended modifications were incorporated into the 
instruments administered in this study [33–34]. The 
Quality of Life in Neurological Conditions–Applied 
Cognition/General Concerns (NQ-ACGC) v1.0 is an 
item bank developed to measure general cognitive abili-
ties, including memory, attention, and decision-making 
[35]. The 8-item NQ-ACGC short form was administered 
in this study. The Patient-Reported Outcomes Measure-
ment Information System (PROMIS) is a compilation of 
self-report instruments that measures eight symptom and 
quality-of-life constructs across patient populations: 
Physical Function, Anxiety, Depression, Fatigue, Sleep 
Disturbance, Social Role Satisfaction, Pain Interference, 
and Pain Intensity [36–37]. The PROMIS 29-Item Profile 
(PROMIS-29) was administered to participants in this 
study. The Socket Comfort Score (SCS) is a one-item 
measure of prosthetic socket comfort [38]. Participants’ 
scores were calculated according to developers’ instruc-
tions and used to evaluate test-retest reliability, MoA 
equivalence, SEM, and MDC. The ABC and PEQ-MS 
are scored from 0 to 4 (i.e., average score of all items), 
and the SCS is scored from 0 to 10 (i.e., score of the 
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single SCS item). PLUS-M, PROMIS-29 (all domains 
except PROMIS pain intensity), and NQ-ACGC are 
scored on a T-score metric, which has a mean of 50 and 
standard deviation (SD) of 10 [39]. PROMIS pain inten-
sity is scored 0 to 10.

Statistical Analysis
Differences in participant demographics (e.g., sex,

race/ethnicity, employment status, income, education,
Veteran status, amputation level, amputation etiology) by 
study arm were assessed using chi-square or a Fisher exact 
test. Descriptive statistics (e.g., mean, SD) were calculated 
for participants’ scores at both time points (i.e., test and 
retest). The distribution of each measure was evaluated for 
problematic departures from normality using traditional 
statistical tests and histogram inspections [40–41]. Mixed-
effects linear regression modeling was employed to test dif-
ferences in mean scores by MoA and time (i.e., test-retest) 
because of its recognized advantages (e.g., flexibility and 
robustness) over traditional analysis of variance analyses. 
Test-retest reliability was evaluated using the intraclass cor-
relation coefficient (ICC) model 3,1 for individual scores 
using a fixed effect for time (i.e., test-retest) and a random 
effect for individuals [42–43]. CIs for ICCs were derived 
using the F-distribution [44]. MoA equivalence was simi-
larly evaluated by tests of statistically significant differ-
ences using an F-distribution [45–46]. The a priori alpha 
level (α = 0.05) was adjusted for multiple comparisons 
using a Bonferroni correction [47]. Given that statistically 
significant differences in ICCs may not always affect rec-
ommendations regarding a measure’s suitability for clinical 
or research applications, we also subjectively assessed the 
ICCs across modes based on the recommended thresholds 
(i.e., 0.7 for group-level comparisons and 0.9 for intra-
individual comparisons) [10–17]. Accordingly, when ICCs 
for each outcome measure (across MoAs) were similar (i.e., 
>0.9, 0.7–0.9, or <0.7), global test-retest reliability esti-
mates were computed for participants across all modes. 
SEM and MDC estimates were derived using established 
algebraic transformations based on calculated ICCs and z-
scores for the 90 percent and 95 percent CIs [43].

RESULTS

In total, 219 participants completed all study proce-
dures (Figure 2). Given the delay in participants returning 

surveys, we recruited participants until we had sufficient 
numbers of returned surveys; as additional surveys were 
returned after that time, we ended up with a  larger sample 
than expected. Eighteen participants reported changes in 
health between the test and retest time points and were 
excluded from the final data set to avoid biasing reliability 
estimates. A variety of changes were reported, ranging 
from temporary socket discomfort to hospitalization. 
There were no significant differences between the partici-
pants who reported a change in health status over the test-
retest period and those who were included in the final data 
set. Similarly, there were no significant differences among 
study arms in terms of participants’ sex, race/ethnicity, 
employment status, income, Veteran status, education, 
amputation level, amputation etiology, age, age at amputa-
tion, time since amputation, or average time of prosthesis 
use per day. In the final data set, participants’ (N = 201, 
Table 1) mean ± SD age at the time of the survey was 
60.2 ± 11.4 yr, age at the time of their amputation was 
41.8 ± 17.3 yr, and time since amputation was 18.4 ± 
17.2 yr. Participants reported wearing their prosthesis a 
mean ± SD of 13.4 ± 3.8 h per day. Retest surveys were 
taken a mean ± SD of 48.9 ± 5.2 h after the test survey, and 
the average time to complete the test and retest surveys 
was 12.3 ± 7.8 min and 10.0 ± 5.8 min, respectively. 
Paper surveys, on average, took longer to complete 
(13.8 min) than electronic surveys (8.3 min).

Observed score distributions were approximately nor-
mal for PLUS-M and PROMIS Physical Function,
Fatigue, and Sleep Disturbance. Evidence of potential floor 
effects were observed for PROMIS Depression, Anxiety, 
Pain Interference, and Pain Intensity (42%, 34%, 28%, and 
12% of respondents scored the minimum score on each 
instrument, respectively). Similarly, potential ceiling effects 
were observed for the SCS, PROMIS Physical Function, 
PROMIS Satisfaction with Social Roles, and NQ-ACGC 
(14%, 14%, 16%, and 17% of respondents scored the maxi-
mum score on each instrument, respectively). No evidence 
of floor or ceiling effects was present for the ABC, PEQ-
MS, or PLUS-M. No statistically significant differences in 
mean scores (i.e., retest score – test score) were present 
between MoA groups (Appendix 1). Statistically signifi-
cant effects of time (p < 0.05) were observed for five 
PROMIS measures (i.e., Anxiety, Depression, Fatigue, Pain 
Intensity, and Sleep Disturbance) and the NQ-ACGC. 
However, differences between test and retest scores were 
negligible (i.e., 1.9 to 0.2) and below minimal important 
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Figure 2.
Study flow diagram.

difference estimates (i.e., 2.5 to 6.0) reported for 
PROMIS measures in other clinical populations [48]. No 

statistically significant time by MoA interactions were 
observed.
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Characteristic
Arm 1

(Mixed-mode)
n = 65

Arm 2
(Paper-only)

n = 72

Arm 3
(Electronic-only)

n = 64

All Arms
N = 201

Sex*

37 (56.9) 55 (76.4) 43 (67.2) 135 (67.2)
28 (43.1) 17 (23.6) 21 (32.8) 66 (32.8)

Race/Ethnicity
57 (87.7) 66 (91.7) 60 (93.8) 183 (91.0)

3 (4.6) 4 (5.6) 2 (3.1) 9 (4.5)
5 (7.7) 2 (2.8) 2 (3.1) 9 (4.5)

Employment Status
24 (36.9) 23 (31.9) 26 (40.6) 73 (36.3)

2 (3.1) 1 (1.4) 2 (3.1) 5 (2.5)
20 (30.8) 25 (34.7) 24 (37.5) 69 (34.3)
16 (24.6) 18 (25.0) 10 (15.6) 44 (21.9)

1 (1.5) 5 (6.9) 2 (3.1) 8 (4.0)
2 (3.1) 0 (0.0) 0 (0.0) 2 (1.0)

Individual Income
30 (46.2) 21 (29.2) 19 (29.7) 70 (34.8)

8 (12.3) 13 (18.1) 12 (18.8) 33 (16.4)
5 (7.7) 8 (11.1) 6 (9.4) 19 (9.5)
9 (13.8) 7 (9.7) 8 (12.5) 24 (11.9)
3 (4.6) 6 (8.3) 5 (7.8) 14 (7.0)
3 (4.6) 3 (4.2) 5 (7.8) 11 (5.5)
6 (9.2) 13 (18.1) 7 (10.9) 26 (12.9)
1 (1.5) 1 (1.4) 2 (3.1) 4 (2.0)

Veteran Status
50 (76.9) 51 (70.8) 48 (75.0) 149 (74.1)
14 (21.5) 21 (29.2) 16 (25.0) 51 (25.4)

1 (1.5) 0 (0.0) 0 (0.0) 1 (0.5)
Education

7 (10.8) 12 (16.7) 6 (9.4) 25 (12.4)
21 (32.3) 31 (43.1) 20 (31.3) 72 (35.8)
20 (30.8) 17 (23.6) 16 (25.0) 53 (26.4)
17 (26.2) 12 (16.7) 22 (34.4) 51 (25.4)

Amputation Level
26 (40.0) 24 (33.3) 20 (31.3) 70 (34.8)
39 (60.0) 48 (66.7) 44 (68.8) 131 (65.2)

Amputation Etiology
17 (26.2) 13 (18.1) 16 (25.0) 46 (22.9)
36 (55.4) 49 (68.1) 36 (56.3) 121 (60.2)

9 (13.8) 8 (11.1) 8 (12.5) 25 (12.4)
3 (4.6) 1 (1.4) 4 (6.3) 8 (4.0)
0 (0.0) 1 (1.4) 0 (0.0) 1 (0.5)

Table 1.
Participant demographics by arm. Data presented as number (percent).

Male
Female

Non-Hispanic White
Non-Hispanic Black
Other

Employed
Homemaker
Retired
On Disability
Unemployed
Student

<$25,000
$25,000–$39,999
$40,000–$54,999
$55,000–$69,999
$70,000–$84,999
$85,000–$99,999
$100,000+
Not Reported

Not a Veteran
Active/Veteran
Not Reported

High School Graduate or Less
Some College or Tech School
College Graduate
Advanced Degree

Transfemoral
Transtibial

Dysvascular
Trauma
Infection
Tumor
Congenital

Note: There were no significant differences in demographic characteristics between study arms (p > 0.05). Percentages may not add to 100 due to rounding.
*The question posed specifically stated, “Please indicate your gender.”
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Test-Retest Reliability
Test-rest reliability ICCs varied by instrument (Appen-

dix 2). PROMIS and Neuro-QoL measures exhibited ICCs 
between 0.7 and 0.9, indicating they are appropriate for 
group-level comparisons, irrespective of MoA. ICCs for 
PLUS-M, PEQ-MS, and ABC were >0.9, indicating they 
are appropriate for individual-level monitoring and deci-
sion-making. SCS test-retest ICCs ranged from 0.63 to 
0.79, depending on MoA, indicating that the SCS is appro-
priate for group-level comparisons, but only when adminis-
tered in a single mode (e.g., either paper only or 
electronic only).

Mode of Administration Equivalence
ICCs by MoA varied slightly by measure (Appen-

dix 2) but were generally consistent relative to the estab-
lished reliability thresholds (i.e., ≥0.9, 0.7–0.9, or ≤0.7). 
No significant differences in ICCs were observed by 
MoA for any of the measures, with the exception of 
PEQ-MS (p = 0.04). However, all PEQ-MS ICCs 

exceeded the 0.9 threshold recommended for individual-
level applications.

Standard Error of Measurement and Minimum 
Detectable Change

As most measures were determined to be equivalent 
across MoAs or were consistently within ranges estab-
lished by the reliability thresholds, SEM and MDC esti-
mates were derived from combined ICCs (Table 2). For 
the SCS, SEM and MDC were derived for each mode, 
given that instrument’s low (and variable) reliability by 
MoA. PLUS-M showed the lowest MDC (4.50) for all 
instruments scored using the T-metric (i.e., NQ-ACGC, 
PLUS-M, and PROMIS instruments). MDC estimates for 
measures that used an average score (i.e., ABC and PEQ-
MS) were comparable (i.e., 0.49 and 0.55, respectively). 
Interestingly, MDC for the SCS (2.73) was larger than 
the PROMIS Pain Intensity scale (1.97), although both 
instruments are scored similarly (i.e., 0–10 scale).

Measure ICC 95% LB 95% UB SEM
MDC

(90% CI)
MDC

(95% CI)
ABC 0.95 0.93 0.96 0.21 0.49 0.58
NQ-ACGC 0.88 0.85 0.91 2.87 6.67 7.94
PEQ-MS 0.92 0.90 0.94 0.24 0.55 0.65
PLUS-M CAT 0.92 0.87 0.95 2.79 6.42 7.65

0.96 0.95 0.97 1.93 4.50 5.36
0.95 0.94 0.96 2.02 4.69 5.59

PROMIS
0.86 0.82 0.89 3.36 7.81 9.31
0.88 0.85 0.91 2.89 6.71 8.00
0.84 0.80 0.88 3.33 7.74 9.22
0.87 0.84 0.90 0.85 1.97 2.35
0.82 0.77 0.86 3.66 8.51 10.14
0.88 0.85 0.91 2.64 6.13 7.31
0.85 0.81 0.89 3.27 7.61 9.07
0.79 0.73 0.84 4.10 9.53 11.36

SCS
0.74 0.67 0.80 1.18 2.73 3.26
0.63 0.45 0.75 1.30 3.03 3.61
0.77 0.66 0.85 1.21 2.82 3.36
0.79 0.67 0.86 0.99 2.31 2.75

Table 2.
Test-retest reliability, standard error of measurement (SEM), and minimum detectable change (MDC) of self-report instruments in people with 
lower-limb loss.

12-Item Short Form
7-Item Short Form

Anxiety
Depression
Fatigue
Pain Intensity
Pain Interference
Physical Function
Sleep Disturbance
Social Role Satisfaction

All Modes
Mixed Mode
Paper Only
Electronic Only

Note: Reliability, SEM, and MDC are presented separately by mode of administration when differences were observed.
ABC = Activities-Specific Balance Confidence Scale, CAT = computerized adaptive test, CI = confidence interval, ICC = intraclass correlation coefficient, LB = lower 
bound, NQ-ACGC = Quality of Life in Neurological Conditions–Applied Cognition/General Concerns, PEQ-MS = Prosthesis Evaluation Questionnaire–Mobility Sub-
scale, PLUS-M = Prosthetic Limb Users Survey of Mobility, PROMIS = Patient-Reported Outcomes Measurement Information System, SCS = Socket Comfort Score, 
UB = upper bound.



805

HAFNER et al. Self-report measures for prosthetic applications
DISCUSSION

The aim of this study was to evaluate key psychomet-
ric properties for six self-report measures suitable for use 
in prosthetic clinical care and research. The estimates of 
reliability, MoA equivalence, SEM, and MDC provided 
here can help clinicians and researchers select, use, and 
interpret information provided by the studied self-report 
outcome measures. To our knowledge, this study is the 
first to assess reliability, MoA equivalence, SEM, and 
MDC of these instruments in people with lower-limb loss. 
Our sample (N = 201) was large relative to similar studies 
that assessed reliability of self-report instruments in peo-
ple with lower-limb loss [49–50] and exceeded the mini-
mum threshold (i.e., N = 100) recommended by the 
COnsensus-based Standards for the selection of health 
Measurement INstruments (COSMIN) criterion for an 
“excellent” rating in studies of instrument reliability [51]. 
Demographics of participants included in this study were 
similar to those reported in a large national survey of 935 
people with limb loss [52]. Sex and ethnicity in our study 
sample (i.e., 67% male and 91% non-Hispanic white) 
were nearly identical to those in the large national sample. 
Participants here were slightly older (i.e., 60 yr), and there 
was a larger proportion of participants with traumatic 
amputation (i.e., 60%) compared to the prior study (i.e., 
50 yr and 39%, respectively). However, the overall simi-
larities between samples suggest the results obtained here 
can be well generalized to people with lower-limb loss.

Test-Retest Reliability
Test-retest reliability provides critical information 

about instruments’ stability of measurement when
respondents are not experiencing change, and estimates 
of reliability obtained in these situations indicate applica-
tions for which the instrument may be appropriate. Mea-
sures with test-retest reliability estimates <0.7 have 
an unacceptable amount of error variance (e.g., intra-
individual variation, measurement error) and thus are 
typically not appropriate for use in clinical care or 
research. Measures with test-retest reliability estimates 
>0.7 have an acceptable level of error variance for 
assessment of differences between groups [10–15]. How-
ever, when the goal of measurement is to assess true 
change within an individual over time, very low error 
variance is acceptable. Thus, a minimum test-retest reli-
ability estimate of 0.9 has been suggested as the cutoff 
for intra-individual measurement [15–17].

All measures assessed in this study, with the excep-
tion of SCS, were found to have test-retest reliability 
ICCs acceptable for group-level comparisons (i.e., ICC 
 0.7), irrespective of MoA. The SCS was found to have 
test-retest reliability ICCs >0.7 when administered in 
either paper-only or electronic-only versions and thus can 
be recommended for group-level comparisons only when 
a single administration method is used. Three measures 
(i.e., PLUS-M, PEQ-MS, and ABC) were estimated to 
have test-retest reliability ICCs suitable for use in indi-
vidual-level comparisons (i.e., ICC  0.9). Reliability 
estimates in this study for the PEQ-MS and the ABC are 
slightly higher than those published for the 7-level 
response scale version of the PEQ-MS (ICC = 0.85) and 
the 101-level response scale version of the ABC (ICC = 
0.91), suggesting that the 5-level response scales recom-
mended in subsequent studies (and used in the present 
study) may provide greater stability than the original ver-
sions of these instruments [33–34,49,53].

Mode of Administration Equivalence
MoA equivalence is essential if data are collected via 

different methods (i.e., paper surveys, electronic surveys) 
and scores are to be compared or aggregated across 
modes (e.g., if a practitioner were to administer a paper 
survey in clinic and then send a patient an email survey at 
follow-up). Recent meta-analyses have concluded equiv-
alence of paper and electronic self-report instruments in 
both nondisabled individuals and those with a variety of 
medical conditions [19,54–55]. However, none of the 
studies included in the meta-analyses targeted (or, to our 
knowledge, included) people with lower-limb loss. This 
study addresses this gap and contributes evidence to the 
body of knowledge regarding MoA equivalence.

Results of our study provided evidence of statistical 
MoA equivalence for five of the six measures, suggesting 
that paper and electronic forms of these measures are 
directly comparable. The PEQ-MS was not statistically 
equivalent across modes. However, the test-retest ICCs 
for this instrument were high and similar across modes 
(i.e., all ICCs  0.9), suggesting reliability of the PEQ-
MS does not meaningfully differ across modes. Further, 
although the statistical analysis for the SCS demonstrated 
equivalence between modes, mixed-mode administration 
of this measure resulted in test-retest ICCs below the cut-
off for group-level comparisons (i.e., ICC = 0.63) and 
within-mode administration resulted in ICCs >0.7 (i.e., 
paper-only ICC = 0.77, electronic-only ICC = 0.79). 
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Because mixing MoAs appears to adversely affect reli-
ability of the SCS, we recommend it be administered 
using only a single method (i.e., paper-only or electronic-
only) across all individuals whose scores are to be com-
bined or compared. Our results are largely consistent 
with prior findings [19,54–55] and indicate that paper 
and electronic surveys can generally be used interchange-
ably in people with lower-limb loss, with the notable 
exception of the SCS. The format in which the SCS was 
presented to respondents in the paper and electronic sur-
veys (i.e., 11-point horizontal ordered response scale and 
11-point drop-down menu, respectively) may have
affected the cross-modal reliability of the instrument. 
Response options for other measures were generally 
more similar across modes (i.e., ABC, PEQ-MS, PLUS-
M, and PROMIS all used horizontal 5-point ordered 
response scales in the paper mode and vertical 5-point 
ordered response scales in the electronic mode) and may 
have improved stability across modes, compared to the 
enumerated scale used by the SCS [56]. However, as the 
SCS and PROMIS Pain Intensity instruments are con-
structed and administered similarly, the disparate MoA 
equivalency results found between these two instruments 
were unexpected. Further research is needed to ascertain 
the source of mixed-mode measurement error (or varia-
tion) with the SCS.

Measurement Error and Detectable Change
Estimates of measurement error (and detectable 

change) can be used to evaluate individuals’ scores with 
respect to threshold (i.e., cutoff) values or previous mea-
surements [43]. They can also help in determining sam-
ple size estimates in group research [12]. SEM and MDC 
values obtained in this study were derived in a manner 
similar to a recent study by Resnik and Borgia that exam-
ined reliability of performance-based and self-report
instruments in 44 people with lower-limb loss [49].
Direct comparison of SEM and MDC values is difficult 
because instruments differed between studies. However, 
the values we obtained were similar to those they 
derived, when evaluated as a percentage of each instru-
ment’s overall range. For example, MDC of the PEQ-MS 
in our study (0.55) was 13.7 percent of the scale range 
(4.0), and MDC of the 7-level response PEQ-MS used in 
the prior study (0.8) was 13.3 percent of the scale range 
(6.0) [49].

Instruments in our study that included more than 10 
items (i.e., ABC, PEQ-MS, PLUS-M 12-item short form) 

generally had lower measurement error than instruments 
with fewer than 10 items (i.e., PROMIS-29 instruments, 
NQ-ACGC) or single-item instruments (i.e., PROMIS 
Pain Intensity and SCS). This may be expected, as the 
relationship between instrument length and measurement 
error is well established [57–58]. Estimates varied, how-
ever, even among items of similar length. For example, 
the PLUS-M 7-item short form has lower MDC (11.2% 
of the scale range) than the 8-item NQ-ACGC (17.0%). 
There was also variation in MDC estimates for the 4-item 
PROMIS instruments included in the PROMIS-29 Pro-
file (17.5%–27.2%). All three versions of PLUS-M (i.e., 
computerized adaptive test, 12-item short form, and 7-
item short form) had slightly lower estimates of MDC 
(9.1%–11.2% of the scale range) than the 16-item ABC 
(12.2%) and 12-item PEQ-MS (13.7%), which measure 
similar constructs. Thus, for measurement of mobility 
and balance in longitudinal applications (e.g., monitoring 
patients or participants over time), the PLUS-M 12-item 
short form and ABC are recommended.

Limitations
This study included a number of health status instru-

ments designed to measure constructs of importance to 
prosthesis users, care providers, and researchers. 
PROMIS and Neuro-QoL instruments included in this 
study are available in lengths other than those tested. We 
used the 4-item versions of PROMIS instruments 
included in the PROMIS-29 Profile and the 8-item ver-
sion of the NQ-ACGC. Estimates of reliability, MoA 
equivalence, measurement error, and detectable change 
derived here may therefore not apply to longer versions 
of these instruments (e.g., PROMIS Physical Function 
short forms are also available in 10- and 20-item lengths 
[59]). For example, evidence of potential floor and ceil-
ing effects observed in this study may be a result of the 
administered versions’ limited range of measurement. 
Although scores obtained with instruments from the 
same item bank are comparable, additional research is 
required to determine whether different lengths of these 
instruments function similarly in people with lower-limb 
loss [60].

The time between test and retest administrations in 
this study was relatively short (mean = 48.9 h). As such, 
respondents may have recalled responses to select ques-
tions. However, each survey included a large number 
of questions (n = 78; this is the sum of all items from all 
instruments) and participants were not allowed to take 



807

HAFNER et al. Self-report measures for prosthetic applications
retest surveys until 2 to 3 d had passed. Although test-
retest periods of up to 2 wk may be advocated for self-
report measures [11], evidence suggests that reliability of 
health status surveys is unaffected by test-retest periods 
of 2 d to 2 wk [61]. Thus, we believe it is unlikely that 
memory significantly affected results in the present 
study.

We evaluated MoA equivalence by comparing reli-
ability estimates among three distinct administration 
modes (i.e., electronic, paper, and mixed). While signifi-
cant differences would indicate lack of MoA equiva-
lence, a more thorough evaluation of MoA would require 
multigroup confirmatory factor analysis (MGCFA) or, for 
measures developed within an item response theory 
framework, an assessment of differential item function 
(DIF). MGCFA may provide evidence of equivalent fac-
tor structures across MoAs, whereas DIF analyses may 
provide evidence of MoA equivalence at the item level. 
However, MGCFA and DIF analyses require signifi-
cantly larger sample sizes than those in this study (i.e., 
200–500 people in each arm) [24,62]. Given that the 
sample size in our study would likely bias results in favor 
of population invariance (i.e., MoA equivalence), we 
limited the scope of our evaluations to differences in esti-
mates of reliability.

Only paper and electronic methods of administration 
modes were included in this study. Although we deter-
mined that most instruments were equivalent by MoA, 
results obtained here may not apply to other MoAs, such 
as face-to-face administration. Face-to-face administra-
tion introduces possible measurement biases (e.g., social 
desirability [63]) that may disproportionally affect 
responses relative to other MoAs. The setting of the 
interview may also have an effect on interview responses. 
Evidence to date regarding the equivalency of assisted 
(e.g., face-to-face interview) and self-report (e.g., paper 
or electronic survey) measures is limited [54], and further 
research in people with limb loss is required before 
equivalence can be verified.

Results of this study provide valuable evidence of 
test-retest reliability, MoA equivalency, measurement 
error, and detectable change for instruments suited to 
measuring prosthetic limb users. However, evidence of 
other measurement properties (e.g., validity and respon-
siveness) in this population may also guide how these 
instruments can and should be applied in clinical practice 
or research. Establishing evidence of these properties in 

people with lower-limb loss is beyond the scope of this 
study but may be considered a priority for future research.

CONCLUSIONS

The estimates of test-retest reliability, MoA equiva-
lence, measurement error, and detectable change reported 
in this study can help clinicians and researchers better 
select, administer, and interpret outcomes from the self-
report instruments. Reliability estimates showed that all of 
the studied measures are suited to group-level applications, 
and select instruments (i.e., ABC, PEQ-MS, and PLUS-M) 
are suited to individual-level applications based on thresh-
olds established in the literature. Several instruments (i.e., 
PROMIS-29, NQ-ACGC, and SCS) showed evidence of 
potential floor or ceiling effects. SEM values derived in 
this study can allow users to calculate confidence intervals 
around individual scores. Similarly, the derived estimates 
for MDC can be used as a guide to assess whether differ-
ences in scores represent a true change or error in the mea-
surement over repeated measurement.
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